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Chapter 6
Results and discussion of the ~d + d
scattering process
A few reaction channels in deuteron-deuteron scattering using a beam with a kinetic en-
ergy of 65 MeV/nucleon have been identified uniquely as described and shown in Ch. 5.
Also, the analysis procedure for the elastic and three-body break-up channels, and the var-
ious corrections for acceptances and inefficiencies for the cross section were discussed.
We measured the differential cross sections, vector- and tensor-analyzing powers of the
elastic channel for the kinematics in which one of the deuterons scattered into the forward
wall in coincidence with the corresponding deuteron scattered into the backward ball of
BINA. A few kinematical configurations of the three-body break-up reaction have been
analyzed in which the final-state protons and deuterons scattering into the forward wall
(forward-forward combination). The forward-backward combination in which one of the
final-state particles scattering to the forward wall and the second one to the backward ball
has been measured but not analyzed in this work. Cross sections and vector- and tensor-
analyzing powers were obtained for this channel as well. In this chapter, the results of the
elastic and three-body break-up channels are presented and discussed.
6.1 Results and discussion of the ~d + d elastic reaction
Figure 6.1 summarizes the measured cross sections and analyzing powers for the ~d + d
elastic reaction at a beam energy of 65 MeV/nucleon and as a function of the center-of-
mass angle, θc.m.. In the event selection procedure, a coincidence between the scattered
deuteron to the forward wall and the corresponding deuteron scattering to the backward
ball of BINA was required. The differential cross sections were corrected for the hadronic
interaction of the deuterons in the scintillators which amounted to about 16% with an un-
certainty of 2%. The main uncertainty of the differential cross section stems from the
target thickness measurement which was ∼ 5%. The uncertainty of the current measure-
ment was about 2% (Ch. 3). The detection efficiency of the MWPC was obtained and
corrected for by using an unbiased and nearly background-free data sample of elastically-
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scattered deuterons and was found to be typically 98% with an absolute uncertainty of
1% which does not change as a function of scattering angle [30]. The analyzing powers
were extracted by dividing the cross section obtained with a polarized beam to the cross
section obtained with an unpolarized beam of deuterons. In this way, the main parts of
the systematic uncertainties, e.g., due to the target thickness and detector inefficiencies,
cancel in first order. The values of the polarization of the beam were obtained through an
analysis of the 1H(~d, dp) at a deuteron-beam energy of 65 MeV/nucleon which had good
agreement with the results obtained with LSP (see Sec 5.3).
The systematic uncertainty of the measured differential cross sections and analyzing
powers is estimated to be 6% and 4.5%, respectively (see Tab. 5.1). The data from this ex-
periment are shown in Fig. 6.1 as filled circles and are compared with the results obtained
in another experiment at KVI using the Big-Bite Spectrometer (BBS) (open circles) [96].
The solid curves represent calculations based on the lowest-order terms in the Born series
expansion of the Alt-Grassberger-Sandhas equation for four nucleons interacting through
the CD-Bonn+∆ potential [97]. The results of the cross sections and vector-analyzing
powers obtained with BINA and BBS are in a good agreement, however the results of the
cross sections measured with BINA is slightly lower than the one measured with BBS.
The experiment was performed using the same experimental setup, and analysis meth-
ods were the same as for the 1H(~d, dp) reaction, reported in Ch. 4. The results of the
1H(~d, dp) reaction are in perfect agreement with the existing database, which proves that
our analysis procedure is well under control. Furthermore, we have checked the stability
of the beam polarization as a function of time. The present theoretical calculation is not
able to describe the data which is not surprising. Because the calculation is based on the
first term in a Born series and that this applies only to high energies and small momentum
transfers. A full calculation for this channel is necessary before any conclusions can be
extracted form these data.
6.2 Results and discussion of the ~d+ d three-body break-
up reaction
The three-body break-up reaction in deuteron-deuteron scattering has been identified
uniquely using the scattering angles, θd, θp, the energies and the TOF information of the
scattered particles. In this work, we analyzed a part of the data in which both protons and
deuterons scattered into the forward wall of BINA. In this case, we have a good determi-
nation of the positions of both particles exploiting the MWPC. Furthermore, the complete
energies of both particles can be determined since both particles stop inside the scintilla-
tors of the forward wall. Also, each scintillator readout channel of the forward wall was
equipped with TDCs for the PMTs at both sides of the scintillators. This allows for a
good particle identification, which is necessary to separate deuterons from protons (see
Sec 5.2.4). The cross sections and analyzing powers were extracted for parts of the phase-
space in which Ep > 25 MeV and Ed > 30 MeV. This is a necessary condition to make
sure that these particles reach the E-detector. This limits the S-values to energies between










































Figure 6.1: The differential cross section, vector- and tensor-analyzing powers of the
elastic ~d + d reaction at Elabd =130 MeV as a function of the center-of-mass angle, θc.m..
In each panel, the solid circles are data from this work. Only statistical uncertainties are
shown for each point. The systematic uncertainties are given in Tab. 5.1. The open circles
are the data obtained with BBS. The solid curves represent the calculations based on the
lowest-order terms in the Born series expansion of the Alt-Grassberger-Sandhas equation
for four nucleons interacting through the CD-Bonn+∆ potential [97].
130 MeV and 280 MeV for all selected configurations. The differential cross sections,
vector- and tensor-analyzing powers for 48 kinematical configurations were analyzed and
the results are shown in Figs. 6.2-6.17.
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Figure 6.2: The cross sections, vector-, and tensor-analyzing powers at (θd, θp) =
(15◦, 15◦) as a function of S for different azimuthal opening angles. The solid curves
in the top panels correspond to phase-space distributions. They have arbitrary normaliza-
tion with respect to the data. The gray lines in other panels show the zero level of the
analyzing powers. Only statistical uncertainties are indicated. The systematic uncertain-
ties are given in Tab. 5.1.
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Figure 6.3: Same as Fig. 6.2 except for (θd, θp) = (15◦, 20◦).






















φ ° = 160
12























150 200 250 150 200 250
Figure 6.4: Same as Fig. 6.2 except for (θd, θp) = (15◦, 25◦).
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Figure 6.5: Same as Fig. 6.2 except for (θd, θp) = (15◦, 28◦).
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Figure 6.6: Same as Fig. 6.2 except for (θd, θp) = (20◦, 15◦).
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Figure 6.7: Same as Fig. 6.2 except for (θd, θp) = (20◦, 20◦).
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Figure 6.8: Same as Fig. 6.2 except for (θd, θp) = (20◦, 25◦).
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Figure 6.9: Same as Fig. 6.2 except for (θd, θp) = (20◦, 28◦).
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Figure 6.10: Same as Fig. 6.2 except for (θd, θp) = (25◦, 15◦).
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Figure 6.11: Same as Fig. 6.2 except for (θd, θp) = (25◦, 20◦).
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Figure 6.12: Same as Fig. 6.2 except for (θd, θp) = (25◦, 25◦).






















φ ° = 160
12























150 200 250 150 200 250
Figure 6.13: Same as Fig. 6.2 except for (θd, θp) = (25◦, 28◦).






















φ ° = 160
12























150 200 250 150 200 250
Figure 6.14: Same as Fig. 6.2 except for (θd, θp) = (28◦, 15◦).
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Figure 6.15: Same as Fig. 6.2 except for (θd, θp) = (28◦, 20◦).






















φ ° = 160
12























150 200 250 150 200 250
Figure 6.16: Same as Fig. 6.2 except for (θd, θp) = (28◦, 25◦).
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Figure 6.17: Same as Fig. 6.2 except for (θd, θp) = (28◦, 28◦).
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The sources of systematic uncertainties in the cross section are 5% from the target
thickness, 2% (1%) from the efficiency of MWPC for protons (deuterons), 2% from the
beam-current measurement, 2% from the efficiency of the coincidence trigger, 2% from
the hadronic correction for each detected particle, and 2% from the geometrical accep-
tance (see Tab. 5.1). The total systematic uncertainty for the cross section is ∼ 7% which
is obtained by adding the systematic uncertainties in quadrature. The total systematic un-
certainty for the analyzing power is estimated to be ∼ 4.5%, which mailny stems from
the uncertainty in the measurement of the beam polarization via elastic scattering and to a
much lesser extent from the error of the beam-current correction in the analysis of of the
T20 in the elastic ~d+ d channel.
In the absence of any theoretical calculations for the three-body break-up reaction in
four-nucleon scattering, we compared the results of the cross section with the results of the
phase-space calculation [98]. According to Eq. (4.7), the cross section can be expressed
as a product of the square of the invariant matrix element and a phase-space factor. The
invariant matrix or the scattering amplitude is the amplitude for an initial state to make
a transition to a specific final state via a scattering potential, V . It contains, therefore,
the dynamical part of the cross section. The phase-space factor for a scattering process is
restricted by energy and momentum conservation laws. Thus, the ratio between the data
and the phase-space factor corresponds to the dynamical part of the cross section. Results
show that the dynamical part of the cross section varies significantly as a function of S
for the configurations which have been analyzed.
We summarize the results of each configuration by averaging each observable over S.
In this method, a dataset with N data points is considered and the average of the cross
sections and analyzing powers are defined as:

























T22(θ1, θ2, φ12), (6.1)
where N is the number of measured data points in S for a given (θ1, θ2, φ12).
Figures 6.18, 6.19, 6.20, and 6.21 represent the average of the cross section, iT11, T20,
and T22 as a function of the opening azimuthal angle, φ12, respectively and for different
configurations.
In each panel, the data points are connected by a smooth dashed line to guide the
eye. Note that the averaged cross section varies between ∼0.01 and ∼0.2 µb
sr2MeV
within
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Table 6.1: The selected configurations in the three-body break-up reaction for which the
neutron energy, En < 0.3 MeV. These configurations were identified as the quasi-elastic
dp reactions. The corresponding center-of-mass angle, θc.m. is indicated as well.
θd [deg] θp [deg] φ12 [deg] S [MeV] θc.m. [deg]
28 ± 1 20 ± 1 180 ± 5 230 ± 10 139.0 ± 1
29 ± 1 22 ± 1 180 ± 5 220 ± 10 134.8 ± 1
29 ± 1 24 ± 1 180 ± 5 220 ± 10 130.7 ± 1
30 ± 1 26 ± 1 180 ± 5 220 ± 10 126.6 ± 1
30 ± 1 28 ± 1 180 ± 5 210 ± 10 122.6 ± 1
the acceptance of BINA. For most scattering angles, (θd, θp), the maximum averaged
cross section is around φ12 ≃ 180◦. By taking a global look through all the measured
configurations in the three-body break-up process in deuteron-deuteron scattering, we
note that the values of the iT11, T20, and T22 varies between ∼-0.4-∼0.3, ∼-0.5-∼0.5,
and ∼-0.3-∼0.1, respectively. In particular, T20 shows a very strong sensitivity to S,
whereas iT11 and T22 vary much less as a function of S. The variations of the average spin
observables as a function of φ12 are in general rather moderate. This is to be expected,
since we, so-far, only analyzed the three-body phase-space for a limited range in φ12
from 140-180◦. In contrast to this, it was observed that the spin observables strongly
depend upon the relative scattering angle between the proton and the deuteron, θp − θd.
Figure 6.22 shows the vector- and tensor-analyzing powers as a function of θp− θd for 48
analyzed configurations. Note that the largest absolute values for the analyzing powers
generally correspond to configurations at which the difference between the polar angle of
the deuteron and the proton is the largest.
6.3 The quasi-free elastic deuteron-proton scattering pro-
cess
The three-body break-up reaction in the ~dd scattering process has an interesting aspect in
the part of the phase-space in which the energy of the neutron is very small. Figure 6.23
represents the cross sections obtained for all analyzed configurations as a function of the
energy of the neutron, En. The cross section is at its maximum when the energy of the
neutron is very small. This region is interesting since it corresponds to the quasi-free
elastic deuteron-proton scattering process with the neutron acting as a spectator particle.
This part of the data can be compared directly to various calculations and the existing
data of the elastic deuteron-proton scattering process. For such a comparison, we lim-
ited the analysis to those configurations at which the momentum of the neutron does not
exceed 23 MeV/c (En < 0.3 MeV). After making this selection, we were left over with
a few configurations which are presented in Tab. 6.1 The S values of these configura-
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tions correspond to Ep + Ed = 127.7 MeV, which must be the case had it been scattered
off a deuterons from a proton target. These five configurations also happened to corre-
spond to the points with the largest differential cross section. Figure 5.26 depicts the ratio
between the normalized spin-dependent cross section and the cross section for the unpo-
larized beam as a function of the azimuthal angle φ for a pure vector-polarized deuteron
beam (top panel) and a pure tensor-polarized deuteron beam (bottom panel) for one of
the five configurations, namely (θp = 28◦, θd = 30◦, φ12 = 180◦, S = 210 MeV). The
data are fitted according to the procedure as described in Sec. 5.7 to obtain the vector-
and tensor-analyzing powers. The results of the fit are shown as solid lines. Note that
the fit describes the data very well. The results of analyzing powers of these configu-
rations are shown in Fig. 6.24 by filled squares and compared with ~dp elastic-scattering
data taken in this work (filled circles) and with the data from Ref. [23] (open circles).
The horizontal dark gray bands at the top of the panels represent the systematic uncer-
tainty (2σ) for every data point. The dark gray bands correspond to calculations including
only two-nucleon potentials. The light gray bands represent calculations including an
additional Tucson-Melbourne TM’ three-body force [66]. The solid lines correspond to
results of a Faddeev calculation using the AV18 two-nucleon potential [6] combined with
the Urbana-Illinois X (UIX) three-body potential [67]. The dotted line represents the re-
sults of a coupled-channel calculation (CDB+∆). The dashed line represents the results
of a CDB+∆ calculation including the Coulomb force [73]. The angular bin size in the
present measurement is 2◦. The results of the 1T11 and T22 for the quasi-free elastic scat-
tering data agree very well with the previous ~dp elastic-scattering data and also with the
~dp elastic-scattering data presented in this work. However, there are small discrepancy be-
tween at large scattering angles for T20 which could be attribute to the role of the spectator
neutron.
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Figure 6.18: The average of the cross section over S for each kinematical configuration,
(θd, θp) versus φ12.














































































Figure 6.19: The average of the vector analyzing power, iT11, over S for every kinematical
configuration, (θd, θp), versus φ12.










































































Figure 6.20: The average of the tensor analyzing power, T20, over S for each kinematical
configuration, (θd, θp), versus φ12.





































































Figure 6.21: The average of the tensor analyzing power, T22, over S for each kinematical
configuration (θd, θp) versus φ12.





















Figure 6.22: The vector- and tensor-analyzing powers of all analyzed configurations of
the three-body break-up reaction in ~d + d scattering as a function of relative polar angle
between the proton and the deuteron. The size of each box corresponds to the number of
configurations that fall in that bin.
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Figure 6.23: The cross sections of all analyzed configurations of the three-body break-up
reaction in ~d+d scattering as a function neutron energy. The size of each box corresponds
to the number of configurations that fall in that bin.
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Figure 6.24: The vector- and tensor-analyzing powers of the quasi-free elastic deuteron-
proton scattering process in deuteron-deuteron three-body break-up. The data of this ex-
periment are shown as filled circles and are compared with published ~dp elastic-scattering
data taken at KVI [23] and at RIKEN [22] and from Ref. [95]. The horizontal dark
gray bands at the top of the panels represents the systematic uncertainty (2σ) for every
data point. The dark gray bands correspond to calculations including only two-nucleon
potentials. The light gray bands represent calculations including an additional Tucson-
Melbourne TM’ three-body force. The solid lines correspond to results of a Faddeev
calculation using the AV18 two-nucleon potential combined with the Urbana-Illinois X
(UIX) three-body potential. The dotted line represents the results of a coupled-channel
calculation (CDB+∆). The dashed line represents the results of a CDB+∆ calculation
including the Coulomb force.
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